Abstract. This work focused on the mechanical behavior, especially creep resistance, of thermoplastic polyurethane (TPU) filled with ozone-treated multi-walled carbon nanotubes (MWCNTs). It was found that the ozone functionalization of MWCNTs could improve their dispersion and interfacial adhesion to the TPU matrix as proved by scanning electron microscope and Raman spectrometer. It finally contributed to the enhancement of Young's modulus and yield strength of TPU/MWCNT composites. Moreover, the creep resistance and recovery of MWCNT/TPU composites revealed a significant improvement by incorporating ozone functionalized MWCNTs. The strong interaction between the modified MWCNTs and TPU matrix would enhance the interfacial bonding and facilitate the load transfer, resulting in low creep strain and unrecovered strain.
Introduction
Thermoplastic polyurethane (TPU) has been widely used due to its good versatility in material properties. The reinforcement of thermoplastic polyurethane has been investigated in many researches to further improve its performance [1] [2] [3] [4] [5] [6] . In general, there are two main approaches: one is changing the molecular structure of polyurethane by modifying its three basic building blocks: polyol, diisocyanate and the chain extender. The other is introducing an inorganic filler into the polyurethane matrix. Carbon nanotubes (CNTs) can be considered as a promising filler which has attracted great attention and generated intense research on their properties as well as their composites with polymers [7] . Interests in this extraordinary carbon form are mainly focusing on exceptional mechanical, electrical and thermal properties [8] [9] [10] [11] [12] [13] . These properties, in addition to their very high aspect ratio, make nanotubes excellent candidate for novel composite materials. However, there are still several issues in need to be investigated relating to their exceptional properties. Because of their large aspect ratio and high van der Waals interactions, CNTs form easily large agglomerates, which will reduce their positive effect. Meanwhile, the chemical inertness of CNTs is another barrier which will cause poor interfacial interactions between the CNTs and polymer matrix. Recent research has shown that, modifying the surface properties of CNTs can drastically increase the solubility, processability and dispersibility in solvents and materials. The surface modification of CNTs also has a remarkable effect on polymerCNTs interfacial load transfer and overall bulk rein- In contrast, the environmentally friendly surface modification of CNTs by ozonation is a relatively new method which is not only powerful and convenient with characteristic of high efficiency, but also has easy operation and potentially low cost [14] [15] [16] [17] . Byl et al. [18] utilized ozone as the oxidative agent to modify the nanotube adsorption properties. Electron microscopy studies indicated that CNT bundles were morphologically modified by the ozone agent. Mawhinney et al. [19] studied the gas phase oxidation of CNTs by ozone at room temperature and characterized the change of surface functional groups using Fourier transform infrared spectroscopic (FTIR) method. Simmons et al. [20] exposed CNTs to room temperature UV-generated ozone and found it could lead to an irreversible increase in their electrical resistance, which was due to the oxygen-containing functional groups successfully introduced on the sidewalls of the nanotubes. According to our previous study [21] , the ozone-treated MWCNTs were prepared at room temperature and epoxy [22] or polycarbonate [23] based composites filled with ozone treated MWCNTs were studied in terms of mechanical properties. In this work, we prepared thermoplastic polyurethane based composites filled with pristine or ozone treated MWCNTs by melt mixing and compared the mechanical properties as well as creep and recovery behavior.
Experimental methodology 2.1. Materials
The pristine MWCNTs (denoted as p-MWCNTs in this paper) were prepared by a chemical vapor deposition method. Their purity is higher than 95 wt%, average diameter is between 10 and 20 nm, and length is between 1 and 10 µm. The MWCNTs were supplied by Bayer MaterialScience AG (Leverkusen, Germany). The TPU's brand name is Elastollan 1185A10 (BASF Corporation, Germany) and its density is 1.12 g/cm 3 . Before further functionalization or melt-mixing process, the MWCNTs and TPU were dried at 373 K for 12 hours in a vacuum oven.
Functionalization of MWCNTs
The MWCNTs were functionalized with ozone at room temperature (25°C), which has been discussed in our recent work [21] . Generally, 3 grams of p-MWCNTs were placed into our in-house vertical reactor each time. During the oxidation process, the ozone continuously passed through the reactor chamber and reacted with the MWCNTs for 2 hours. The functionalized MWCNTs are denoted as f-MWCNTs in this paper.
Preparation of nanocomposites
TPU/MWCNT composites were prepared by a twostep melt-mixing strategy to improve the dispersion of fillers. A twin screw extruder (HAAKE-Polylab OS, Haake being part of Thermo Scientific) is employed during the mixing. A masterbatch included 15 wt% of MWCNTs in TPU was prepared firstly. Then the TPU/MWCNT masterbatch was diluted to obtain the target proportion of 3wt%. The screw speed was set to 80 rpm. Several heating temperatures of all barrels of the extruder were applied, and the one gave the best mechanical properties of materials was chosen. After extrusion, the TPU/MWCNT composites were cooled down in a water bath and then were finally granulated with a pelletizer. The pure TPU was extruded under the same conditions for quantitative comparisons with the composites.
Morphological characterization
The dispersion state of MWCNTs in the TPU nanocomposites was studied under a scanning electron microscope (SEM, HITAHI S-4800, Japan). The cryo-fractured surfaces of the tensile loaded specimens were subjected to SEM inspection after gold coated at 6 kV acceleration voltage.
Raman spectroscopy
In order to observe the interface between the TPU matrix and nanotubes, the Raman spectra were obtained by a Renishaw 2000 MicroRaman spectrometer (Reinshaw, Wotton-under-Edge, UK) with an excitation length of 633 nm. The TPU/MWCNT samples were put into an obturator in which the testing temperature can be continuously cooled down from 60 to -60°C by liquid nitrogen, for the sake of checking the change of compressive stress generated in MWCNTs caused by different temperature-dependent expansion coefficients of nanotubes and TPU matrix. Thermal equilibrium was ensured in all the cases by maintaining the specimen under constant corresponding temperature for 10 min. At least five positions were scanned at each temperature for each sample.
Mechanical measurements
Tensile tests were carried out according to the standard methodology of ASTM D638. The injection molded dog-bone-shaped tensile specimens were applied. The tests were performed using a SANS CMT2000 Tester at a crosshead speed of 50 mm/min at ambient temperature. The Young's modulus, tensile strength and elongation at break were measured and ensemble-averaged values are obtained with at least five specimens of each composition.
Creep and creep-recovery measurements
Creep and creep-recovery tests were conducted in tensile mode under different temperatures and stresses using dynamic mechanical analysis (DMA, Q800, TA Instruments, USA). The creep and recoverable strains were determined as a function of the time. Effects of stress level, recovery period and temperature were investigated as run-time parameters, while creep time is set to constant 300 s. The applied creep stress was 2 MPa and 5 MPa. The recovery time was 300 and 600 s. Three creep-recovery profiles were obtained at temperatures of 35, 80 and 110°C. The specimen size was 13 mm!"!4.3 mm!" 0.4 mm (width!"!length!"!thickness). For each experiment, a new sample was used. The typical creep-recovery curve of creep tests performed in a tensile configuration was illustrated in Figure 1 [24] . Creep strain !(t) in the viscoelastic range can be described by Equation (1):
where ! E is the elastic creep strain, ! V is the viscoelastic portion of the strain and ! # is the permanent creep strain. The shear stress " 0 is set to zero at t 0 and the unrecovered strain ! r (t 0 , t) is measured in this study. In order to further analyze the influence of the stress cycles and carbon nanotubes on the recovery performance, the recovery ratio X R of a system at time t is defined as shown in Equation (2): (2) 3. Results and discussion 3.
Morphology characterization
The homogeneous dispersion of nanotubes in polymer matrices is necessary for making high performance composites. The dispersion state of the materials used in this study is investigated by SEM. Figure 2a is the SEM image of the cryo-fractured surfaces of neat TPU. Figure 2b and 2c are the images of composites containing p-MWCNTs and f-MWCNTs respectively with the content of 3 wt%. In order to characterize the state of distribution, a low magnification was selected to observe the fracture surface, which was perpendicular to the injection direction, of TPU/MWCNTs composites. Comparing with the images of pure matrix, one can clearly observe the presence of carbon nanotubes. Generally speaking, the dispersion is pretty good due to careful mixing. As shown in Figure 2b , however, a few agglomerates labeled by white arrow can be observed, which indicates the dispersion state of TPU/p-MWCNT composite is not perfect. After ozone treatment, there exist some polar groups such -OH, -COOH on the surface of MWCNTs, which can improve the dispersion level of MWCNTs as comparing Figure 2c with 2b.
3.2.
Interface quality between MWCNTs and matrix Raman spectroscopy can represent the interface quality between CNTs and polymer matrix when the composites are subjected to stress [25] [26] . The interaction between CNTs and matrix can be esti- mated by the Raman shifts of the characteristic peaks. As well established by former research, the G$-band was found to be exact and convenient for monitoring the temperature-induced strain of CNTs embedded in the polymer matrix. The spectrum shifts to lower wavenumber when nanotubes are subjected to tension and to higher wavenumber in compressied state. In the present study, we induced a compressive deformation of MWCNTs embedded in the TPU matrix by cooling the specimens from 60 to -60°C as showed in Figure 3a . Obvious upward shifts of Raman G$-band peak for the embedded MWCNTs could be seen as the result of compressive stresses from the matrix. Arising from the further shortening of C=C bond also appeared, which is due to the mismatch of thermal expansion coefficients of the MWCNTs and the TPU matrix. Furthermore, it can be observed that the upward shift of TPU/f-MWCNT composite is more obvious than that of the TPU/p-MWCNT composite (Figure 3a) . As shown in Figure 3b , the cooling of the embedded materials from 60°C down to -60°C caused 7 and 10 cm -1 shift for p-MWCNTs and f-MWCNTs, respectively. Compared with p-MWCNT filled composite, the f-MWCNTs embedded in TPU matrix shows larger G$-band shift over the temperature range, indicating more efficient load transfer between the f-MWCNTs and the TPU matrix. Thus, we can come to the conclusion that ozone modification can improve the stress transfer from the matrix to the MWCNTs. In other words, the f-MWCNTs have stronger interfacial bonding with TPU matrix in comparison with the p-MWCNTs.
Mechanical properties
As the fundamental properties of material are of primary importance, the tensile properties of the materials at room temperature have been determined. In order to obtain the best mechanical properties of materials, several heating temperatures of the barrels of the extruder were applied. As shown in Figure 4 , the temperatures of 200, 205, 210, 215 and 220°C were investigated. The elongation of samples when they are break down raised firstly (200-210°C) and then descended (210-220°C) with the increasing temperature. The tensile strength of TPU matrix was very low at 200°C and remained constant from 205 to 220°C at about 33 MPa. Therefore we chose 210°C as the processing temperature which can ensure the best mechanical properties of the materials. Table 1 shows the key mechanical properties of TPU and TPU/MWCNTs nanocomposites. The Young's modulus, tensile strength and elongation at break down for the neat TPU are about 18.1 GPa, 32.0 MPa and 542.8%, respectively. The Young's modulus of the samples rises with increasing MWCNT contents. Addition of 3 wt% p-MWCNTs causes 16% increase in the modulus while the addition of 3 wt% f-MWCNTs increases the value of Young's modulus by 24%. Similar tendency is also observed in the tensile strength as presented in Table 1 . The reinforcement efficiency of carbon nanotubes depends on the effect of the intrinsic mechanical properties as well as on the uniform distribution of MWCNTs and matrix-nanofiller interfacial adhesion [27] . The enhancement effect can be recognized in the nanocomposite systems after addition of either p-MWCNTs or f-MWCNTs in terms of the elongation at break. Even though some minor factors such as nanotube type, aspect ratio, weight fraction, dispersion state and testing conditions may affect the properties as well, the significant improvement found in this study strongly supports that ozone functionalization is an effective method to modify the surface of CNTs and to improve the related mechanical properties of TPU matrix.
Creep and recovery behavior
The creep and recovery behavior is studied in different aspects. First, Figure 5 shows the evolution of the creep and recovered strains as a function of time for the neat TPU under three temperature conditions of 35, 80 and 110°C. In this test, 2 MPa was selected as the applied stress within the elastic range. As it is expected, creep strain increased with temperature. While the temperature increased from 35 to 80°C, it is apparent that the creep strain increased from 0.12 to 0.18 (by 45% approximately) at t = 30 min. In our recent work [28] , we reported the temperature dependence of creep behavior of polypropylene (PP). It was found that the creep strain of PP could increase by almost 900% with the increasing temperature from 50 to 80°C at t = 30 min. Comparing experimental result of PP with that of TPU, indicates that the creep property is closely related with intrinsic viscoelastic properties of the materials. In the temperature range from 35 to 80°C, TPU is in the rubber state at all times, while PP starts to enter into the glass-rubber transition state around 80°C. Thus, the creep strain of PP changes remarkably in this particular temperature range, whereas TPU responds moderately. When the testing temperature rises to 110°C, the creep strain of TPU exhibits a large increase as shown in Figure 5 . It is considered to relate with the softening process of TPU. Secondly, it is found that temperature has an effect on the elastic property and viscous characteristic of TPU. The evolution of recovered strain as a function of time is also presented in Figure 5 . While the elastic creep strain ! E recovers immediately, a small deformation of the viscoelastic and viscous response are observed at 35 and 80°C. The unrecovered strains of TPU are 0.027 and 0.031 (t = 3600 s) at 35 and 80°C respectively, which indicates that the change of recovery property is not sensitive within the testing temperature range of 35 to 80°C. However, a large unrecovered strain could be observed at 110°C, illustrating that the viscous characteristic of TPU would gradually appear under high temperature condition. Besides different temperatures, various loads were also employed to investigate the creep and recovery behaviors of TPU. The resulting TPU creep profiles under stresses of 2 and 5 MPa at the temperature of 35°C are presented in Figures 6 and 7 . It can be seen that the materials showed different responses to varying stress levels. Comparing Figures 6 and 7 , one can recognize that the creep strain and unrecovered creep strain increased distinctly with the increasing stress. The averaged creep strain of pure TPU increased from 0.12 to 1.35 when stress increased from 2 to 5 MPa. The ratio of increasing is about 1:11. Similar tendency is also observed for the unrecovered strain ! r , as presented in Figures 6 and 7 . The unrecovered strain ! r of TPU increased from 0.03 to 0.31 when stress increased from 2 to 5 MPa. Moreover, the recovery ratio X R is also calculated to analyze the recovery property of the materials. However, there are no substantial changes in the recovery ratio of TPU at 2 and 5 MPa (from 21.7% to 21.3%) at t = 90 min. After characterizing the features of the pure TPU, our attention turned to the effect of the nanotube fillers. The content of nanocomposites is more important than the internal or basic features of the material. The results shown in Figures 6 and 7 also indicated that creep strains of nanocomposites at filler content of 3 wt% were lower than those of the neat matrix under both two test stresses. This implies that the creep behavior is improved by the presence of nanotubes. Under the stress of 5 MPa, for instance, the strain values of TPU/p-MWCNT and TPU/f-MWCNT composites were reduced by 8.6 and 22.7% compared with it of the neat TPU. It proves that by adding either p-MWCNTs or f-MWCNTs to the TPU matrix, the creep resistance could be improved. The difference between the two nanocomposites, meanwhile, indicates that the properties of PS/f-MWCNT composites are better than PS/p-MWCNT ones under different loading conditions. The recovery properties of composites could also be obtained to investigate the enhancement effect of the two different types of nanotubes. As shown in Figure 7 under high stress condition, there are no substantial changes in the unrecovered strain after addition of either p-MWCNTs or f-MWCNTs, comparing with the pure TPU. On the other hand, the recovery properties shown in Figure 6 under low stress level can be improved by adding nanotubes as unrecovered strain of nanocomposites reduced.
The unrecovered strain values of TPU/p-MWCNT and TPU/f-MWCNT composites at 2 MPa were reduced by 16 and 30% compared with neat matrix, respectively. Thus the TPU/f-MWCNT composites have better recovery properties at filler content of 3 wt% than unozonized TPU/p-MWCNT. As the analysis about stress effect mentioned above, it is worth noting that there are different responses of the recovery property of composites under different stress conditions, which is mainly due to the network-like structure formed by the MWCNTs and entangled molecular chain segments. In the two TPU/MWCNTs composites, the network-like structure mixing with nanotubes have good elasticity and recovery feature especially under smaller stress. Moreover, due to the strong interaction between f-MWCNTs and TPU molecular chains, the ozone functionalized nanotubes could further reinforced the composite because the external stresses applied to the composite as a whole can be efficiently transferred to the MWCNTs, allowing the minor content of filler to take a large share of the load in the network-like structure. For sake of exploring the temperature effect for nanocomposites, the creep and recovery properties of TPU/p-MWCNT and TPU/f-MWCNT composites at 2 MPa in the temperature condition of 110°C were investigated. Compared Figure 8 to Figure 6 , it can been seen that the creep strains and unrecovered strains of nanocomposite were much higher at 110°C than those at 35°C. However, on the contrary with the strong temperature dependence of pure TPU, the roles of nanotubes acting under both temperatures conditions are similar and the enhancement of nanotubes of creep and recovery properties in TPU matrix is not sensitive with temperature change.
Conclusions
Ozone treated MWCNTs filled TPU composites are prepared by diluting a masterbatch containing 15 wt% MWCNTs using melt mixing. The findings highlighted in this paper contribute to our understanding on the efficiency of ozonization of TPU/ MWCNT nanocomposites. Some conclusions can be obtained so far: 1 The MWCNTs functionalized by ozone showed better dispersion with the TPU matrix as compared to the unmodified ones. 2 Significant improvements in Young's modulus and tensile strength of the f-MWCNTs/TPU composites were obtained in comparison with that of p-MWCNTs/TPU composites. Ozone functionalization was an effective method to surface-modify the CNTs and improve the related mechanical properties of TPU matrix. 3 The surface modification of MWCNTs obtained by ozone treatment can influence in the creep and recovery property of the nanocomposites in different temperature conditions. The strong interaction between f-MWCNTs and TPU matrix would facilitate the load transfer, resulting in low creep strain and unrecovered strain. 
